Inhalation of ambient particulate matter causes morbidity and mortality in humans. One hypothesized mechanism of toxicity is the particle-induced formation of reactive oxygen species (ROS) e including the highly damaging hydroxyl radical ( OH) e followed by inflammation and a variety of diseases. While past studies have found correlations between ROS formation and a variety of metals, there are no quantitative measurements of OH formation from transition metals at concentrations relevant to 24-hour ambient particulate exposure. This research reports specific and quantitative measurements of OH formation from 10 individual transition metals (and several mixtures) in a cell-free surrogate lung fluid (SLF) with four antioxidants: ascorbate, citrate, glutathione, and uric acid. We find that Fe and Cu can produce OH under all antioxidant conditions as long as ascorbate is present and that mixtures of the two metals synergistically increase OH production. Manganese and vanadium can also produce OH under some conditions, but given that their ambient levels are typically very low, these metals are not likely to chemically produce significant levels of OH in the lung fluid. Cobalt, chromium, nickel, zinc, lead, and cadmium do not produce OH under any of our experimental conditions. The antioxidant composition of our SLF significantly affects OH production from Fe and Cu: ascorbate is required for OH formation, citrate increases OH production from Fe, and both citrate and glutathione suppress OH production from Cu. MINTEQ ligand speciation modeling indicates that citrate and glutathione affect OH production by changing metal speciation, altering the reactivity of the metals. In the most realistic SLF (i.e., with all four antioxidants), Fe generates approximately six times more OH than does the equivalent amount of Cu. Since levels of soluble Fe in PM are typically higher than those of Cu, our results suggest that Fe dominates the chemical generation of OH from deposited particles in the lungs.
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Introduction
Abundant epidemiological evidence links exposure to ambient particulate matter (PM) with adverse health effects (Daniels et al., 2000; Brunekreef and Holgate, 2002; Schwartz et al., 2002; Pope and Dockery, 2006) . Although the toxic mechanism(s) responsible are not well understood, one likely pathway is the formation of reactive oxygen species (ROS) after PM deposition in the lungs, followed by an oxidant/antioxidant imbalance (i.e., oxidative stress), which has been linked to inflammation and several disease states Rahman et al., 1996; Ayres et al., 2008) .
ROS as a class includes superoxide radical anion (O 2 À ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical ( OH) .
OH is the most destructive ROS species in vivo (Halliwell, 1995) , damaging DNA and initiating a catalytic cycle of cell membrane lipid peroxidation . ROS occur naturally in cells and extracellular fluids, but are not damaging at low levels due to protective antioxidants (AOs) and enzymes; adverse effects only occur at higher oxidant levels, or when AOs are depleted (Halliwell and Whiteman, 2004) . PM can form ROS in two ways after deposition into the lungs: 1) through chemical reactions of redox-active particle components and 2) through biological responses to the PM. Our research aims to understand oxidant production from the first mechanism.
ROS production from ambient particles has been correlated with the soluble transition metal (TM) content of PM, which has also been correlated with particle-mediated cardiopulmonary toxicity (Carter et al., 1997; Costa and Dreher, 1997; Dreher et al., 1997; Gavett et al., 1997; DiStefano et al., 2009; Vidrio et al., 2009; Zhong et al., 2010) . Dreher et al. (1997) found that after washing PM in saline, the PM no longer produced adverse effects in rats, while the leachate containing soluble iron, nickel, and vanadium produced an inflammatory response that was similar to that from the unwashed PM.
In many previous studies of oxidant production from PM, correlations between non-specific ROS measurements and chemical components in PM are used to elucidate the components that may be responsible for oxidant generation. While this method can identify chemicals of interest, correlation does not indicate causation; indeed, these correlations often identify chemical species that are not redox active and that are not likely to directly produce ROS. For example, studies have found correlations between ROS production and water-soluble compounds that are not redox-active such as boron, magnesium, potassium, and ammonium (Zhang et al., 2008; Verma et al., 2009) . While the non-redox-active species may be associated with PM components that can produce ROS, their correlations with ROS production could also be specious. In fact, even when redox-active species are identified by correlations, it is unclear whether these species contribute significantly to the measured ROS response.
To better understand the importance of particulate components as sources of ROS, we need quantitative and specific measurements of ROS formation by these components under physiologically relevant conditions. Valavanidis et al. (2005) were one of the first groups to measure OH from a large number of TMs; however, their metal concentration (40 mM) was many orders of magnitude higher than ambient PM could produce in lung fluid (e.g., Vidrio et al., 2009) . Vidrio et al. (2008) quantified OH from Fe and Cu, but their metal concentrations (20 mM) were also higher than would be produced in lungs from ambient PM; in addition they did not examine other TMs.
The role of complex mixtures of lung AOs on the production of specific ROS from different particle components in a surrogate lung fluid (SLF) has not been well explored. It is well known that ascorbate (Asc) is important in oxidant production from metals (Ayres et al., 2008; DiStefano et al., 2009) 
Though Asc has a vital role in oxidant production from iron and copper, there have been no fully quantitative investigations into interactions of multiple AOs on OH production from many of the 10 TMs studied here. Citrate can chelate iron making it more bioavailable and able to increase oxidative stress (Zhong et al., 2010) , while GSH has been observed to increase or decrease OH production from metals (Hanna and Mason, 1992; Kachur et al., 1998) . Research that uses relatively simple lung fluid surrogates which contain no AOs or contain only Asc or GSH may miss important effects from other AOs.
The purpose of this research is to quantify OH production from TMs in the presence of different mixtures of lung AOs. To do this we measured OH formation from atmospherically relevant concentrations of 10 common TMs e both individually and in mixtures. We also examined the effects of four endogenous lung AOs on OH production: Asc, citrate (Cit), reduced L-glutathione (GSH), and uric acid (UA).
Methods

Chemicals and surrogate lung fluid
Information about the supplier and purity for each chemical is in Section S.1 of the supplementary information. All solutions were prepared in purified water from a Milli-Q Plus system (Millipore, !18.2 MU cm).
OH measurements were performed in a cell-free SLF containing AOs in phosphate-buffered saline (PBS) (114 mM NaCl, 7.8 mM sodium phosphate dibasic and 2.2 mM potassium phosphate monobasic, pH 7.2e7.4), and 10.0 mM sodium benzoate (as an OH probe). 500 mL of this solution was allowed to drip slowly through a chromatography column containing chelex-100 to remove trace metals and was then refrigerated and used within a week.
Quantification of hydroxyl radical
24-hour total OH generation was quantified using a benzoate (BA) probe technique (Jung et al., 2006; Vidrio et al., 2008 Vidrio et al., , 2009 where BA scavenges OH and forms para-hydroxybenzoic acid (p-HBA), which is quantified using high performance liquid chromatography (HPLC). Because BA is simply a probe, and is not involved in ROS production, this method is able to quantify OH from any chemical species, including transition metals and organics. Note that we are measuring the production of OH, which is the key to understanding the likely lung burden of OH resulting from PM deposition. We are not quantifying the sinks of OH, which in vivo include AOs, mucin, and cellular components.
The total concentration of OH formed over the 24-hr reaction period is:
where [p-HBA] is the concentration measured by HPLC, Y p-HBA is the molar yield of p-HBA under our conditions (0.215 AE 0.018) (Jung et al., 2006) , and f BA is the fraction of OH that reacts with BA (as opposed to other solution components) in the SLF (Vidrio et al., 2008) . f BA is calculated as the rate of OH reaction with BA divided by the sum of the rates of reaction of OH with all solution components (A, B.N): (Walling et al., 1974; Buxton et al., 1988; Zepp et al., 1992) . Values of f BA ranged from 0.96 to 0.99 (Section S1).
The HPLC consisted of either a manual injection Shimadzu LC-10AT pump and SPD-10AV UVeVis detector or a Shimadzu LC-10ATVP pump, SPD-10AV UVeVis detector and SIL-10AF autosampler with CMB-20A controller. Other HPLC parameters were identical to Vidrio et al. (2009) . A calibration curve was run daily using p-HBA standards in SLF.
Sample preparation
We examined the ability of dissolved metals to produce OH in SLFs containing different combinations of Asc, Cit, GSH and UA. For each reaction solution, 10.0 mL of PBS was added to a 125-mL, acid-washed FEP bottle wrapped in aluminum foil to exclude light. The desired metal(s) and AO(s) were added to each reaction bottle and the solution was shaken on a wrist-action shake table in the dark for 24 h. AO concentrations were 200 mM Asc, 300 mM Cit, 100 mM GSH, and 100 mM UA in all experiments, which are similar to AO concentrations observed in human lung fluid van der Vliet et al., 1999) . While Cit has apparently not been examined in lung fluid, it is commonly used as a surrogate for protein, e.g., in Gamble's solution (Moss, 1979; Colombo et al., 2008) , and it has been measured in blood plasma (Walser, 1961) , cerebrospinal fluid, kidneys, and liver (Mycielska et al., 2009 ).
While past work has shown that the pro-oxidant versus antioxidant nature of AOs can depend upon the metal/AO ratio (Reed and Douglas, 1991) , these studies typically use high concentrations of metals (which we do not) and they are not focused on the production of OH (which we are). In this work we use physiologically realistic concentrations of antioxidants and environmentally realistic metal concentrations, resulting in metal/AO ratios that are on the order of 0.01. In this regime neither metal speciation nor OH production should change appreciably with realistic perturbations of AO or metal concentration. The exception is ascorbate: OH production does vary with the concentration of Asc (data not shown), which we believe is the limiting reagent in our system. While this effect is interesting, it is outside the scope of the current work.
After 24 h of shaking, OH generation was quenched using 100 mM desferoxamine (DSF) and 50 mM sodium bisulfite. Solutions were then acidified to pH 2 using 120 mL of 1.0 M H 2 SO 4 and injected on the HPLC within 18 h; we have found that p-HBA in quenched solutions is stable (<4% change) for up to 18 h at room temperature in the dark. Sample results on a given day are blank corrected by subtracting the average blank (run on the same day) containing the same composition of AOs but without any metals; uncertainties in the resulting blank-corrected data are AE1s propagated from the blank and sample data (Taylor,1997) . Background concentrations of OH are due to trace metal contamination that could not be removed even with our rigorous cleaning. Average blank OH concentrations were 31 AE 6 nmol (n ¼ 32) for Asc þ Cit and 26 AE 3 nmol (n ¼ 24) for All AOs. We ran regular positive controls of either 10 nmol Fe(II) or 10 nmol Cu(II) in SLF containing either Asc þ Cit or All AOs. With Asc þ Cit, the average blank-corrected Fe(II) and Cu(II) positive controls were 183 AE 4 nmol (n ¼ 13) and 66 AE 3 nmol (n ¼ 8), respectively. Corresponding values in SLF with All AOs were 188 AE 4 nmol (n ¼ 11) and 27 AE 1 nmol (n ¼ 9) for iron and copper, respectively.
Ligand speciation modeling
MINTEQ A2 Version 4.03 (US EPA; http://www.epa.gov/ceampubl/ mmedia/minteq) was used to determine metal speciation. Formation constants from the MINTEQ database were supplemented with data from the literature for Asc and GSH (Martin and Edsall, 1959; Faust and Zepp, 1993; Martell et al., 2004 ) (see section S.2). We could not find formation constants for any of the TMs with UA, or for Fe(II) with GSH. Because abundant data for GSH with other TMs were available, we used the Irving-Williams series (Irving and Williams, 1953) to estimate that the likely upper bound for the Fe[HGSH] stability constant is equal to that of Co[HGSH] (log K ¼ 3.3). Krezel and Bal (1999) indicate that Fe-GSH bonding is generally weak, in agreement with these results. UA was not included in any model runs, as no data were available; however, UA does not appear to be a significant ligand since the addition of UA had no effect on OH generation (see below).
Statistics
All experiments on a given day were run in triplicate. Data are reported as the average þ standard deviation. Outliers of repeated experiments (n > 5) were identified using Chauvenet's Criteria with a cutoff of 0.5 (Taylor, 1997 ). Chauvenet's Criteria could not identify outliers for samples run on a single day due to the small sample size (n ¼ 3). Outliers in these samples were identified if they were outside three times the relative standard deviation (RSD) of measurements repeated many times, whether for blanks (RSD ¼ 21.2%, n ¼ 64) or samples (RSD ¼ 6.4%, n ¼ 41). A total of 12 out of 736 data points were identified as outliers using these methods. Statistical significance between two means was determined using the students t test for P < 0.05 and P < 0.01.
Results and discussion
Individual transition metals
As an initial screening, we quantified the ability of 10 nmol (i.e., 1.0 mM) of 10 individual dissolved TMs to produce OH in surrogate lung fluid (SLF) with four different antioxidant (AO) compositions: no AOs; Ascorbate (Asc) only; Asc þ citrate (Cit); and Asc þ Cit þ glutathione (GSH) þ uric acid (UA) (i.e., "All AOs") ( Fig. 1) .
Without any AOs, only Mn(II) produces OH, but only a small amount (8 AE 4 nmol) (Fig. 1a) . This is the only case of OH formation without Asc. We do not have an explanation for this production or why it disappears in the presence of AOs (Fig. 1bed) , but the result is reproducible, consisting of six data points from two experimental days. MINTEQ modeling results indicate that 100% of Mn(II) precipitates in the presence of phosphate buffer. To test whether precipitation was precluding OH formation from Mn(II) we measured OH production in a bicarbonate buffering system without phosphate (Fig. S3) . There was no OH formation in the bicarbonate buffering system confirming our result that Mn(II) cannot produce OH in the presence of AOs (See Section S3). In SLF with only Asc, three metals e Cu(II), Fe(II) and V(V) e produce OH, with Cu showing the most reactivity (Fig. 1b) . In the final two AO combinations, Asc þ Cit (Fig. 1c ) and all AOs (Fig. 1d) , Fe(II) and Cu(II) are the only metals that produce OH. In every SLF containing Asc, Pb(II) is consistently inhibitory, reducing OH levels by an average of 16 AE 4 nmol compared to the corresponding blank solution without any metal. Cr(III) was also inhibitory in some cases. We do not have an explanation for these effects.
Of the metals we examined, Fe(II) and Cu(II) are the most important sources of OH. Valavanidis et al. (2005) observed OH production from Fe(II), V(IV), Cr(III), Cu(I), Co(II), Ni(II), Pb(II), and Cd(II) in solutions containing 0.04 M metal and 0.04 M hydrogen peroxide. The difference between our results and theirs are likely due to the enormous difference in metal concentration and the difference in added hydrogen peroxide. While we only tested a single oxidation state for each TM, the effect of oxidation state is likely to be small, as found previously for iron (Vidrio et al., 2008) . This is because, based on redox couple data (Lide, 1999; Merkofer et al., 2006) , Asc can reduce most of the metals studied here (although we found no data for Ni, Cd or Pb, and Zn does not redox cycle; Table S1 ).
Effect of antioxidants
Results from Fig. 1 indicate that AO composition can impact OH production. To further investigate this, we tested a variety of AO combinations with Fe(II) and Cu(II) using 10.0 nmol (1.0 mM) of metal. As shown in Fig. 2 , neither GSH, UA, or Cit (individually or in combination) leads to OH production from Fe(II) or Cu(II). In contrast, Asc alone leads to OH production from Fe(II) and, especially, Cu(II). Adding Cit to Asc increases OH production from Fe(II) by a factor of seven, but there is no effect from adding GSH and/or UA (Fig. 2a) . Cu(II) shows different behavior: adding Cit to an Asc solution causes more than a two-fold decrease in OH (Fig. 2b) . Adding UA to this solution (i.e., Asc þ Cit þ UA) has no effect on OH production from Cu(II), but the addition of GSH suppresses OH production e by five-fold compared to Asc only e regardless of whether the SLF contains Cit and/or UA. This indicates that e compared to solutions with only Asc e both Cit and, especially, GSH inhibit OH production by Cu(II), while UA has no effect. These different, and sometimes dramatic, effects of endogenous AOs on OH production by Fe and Cu highlight the need to use physiologically relevant AO mixtures in the extraction fluids used for ROS measurements from PM.
We can compare our OH production results from Fe and Cu to previously reported data obtained under similar experimental conditions but with higher levels of metal (200 nmol) (Vidrio et al., 2008) . Though the metal concentrations in Vidrio et al. are 20 times higher than those we have used, OH concentrations are only higher by factors of 1.3e6.2 compared to our results. This is because OH production is not linearly related to metal concentration, but rather plateaus at approximately 40 nmol Fe(II) and 1 nmol Cu(II) (Supplement Fig. S1 ), probably because Asc becomes the limiting reagent.
To understand this behavior it is useful to calculate the reaction efficiency (RE) of each metal for producing OH:
Reaction efficiencyðREÞ ¼ nmol$OH produced=nmol metal
Note that the denominator here is the total amount of metal and not individual metal species (Supplement Table S4 ). Because each metaleligand species can have a different reactivity, the RE values cannot be confidently extrapolated to other solution compositions. Since three electrons are necessary to produce OH from dissolved oxygen (see R1 e R3), multiplying the RE by 3 gives an estimate of the number of times each metal atom was recycled by Asc. Metal reaction efficiencies are large at low metal concentrations and decrease with increasing metal content (Fig. S2) . The maximum observed RE values for Cu(II) and Fe(II) (found at the lowest metal concentrations tested) were 500 and 33, indicating that each atom of Cu(II) and Fe(II) can be recycled up to approximately 1500 and 100 times, respectively. These extremely high recycling efficiencies indicate that very low concentrations of metals can still produce significant amounts of oxidants in the lungs. The fact that RE values do not qualitatively match the (thermodynamic) metal-Asc redox couples ( Table S1 ) suggests either that OH production in our system is determined by kinetics rather than thermodynamics or that ligand speciation changes the metal-Asc redox couple.
Our results in Fig. 2 can also help explain why different studies find that different particle components are most responsible for OH production in cell-free solutions. For example, using methods similar to our current work, DiStefano et al. (2009) found that soluble Cu was the most important indicator of OH production by PM 0.18 from Southern California, while Vidrio et al. (2009) found that soluble Fe was the most important predictor of OH from PM 2.5 from Northern California. While differences in particle composition may contribute to the observed difference in the relative importance of Fe and Cu between these two studies, the AOs used in each study is another likely explanation. DiStephano et al. extracted their particles into a solution containing 500 mM Asc e conditions where Cu will likely be more than five times as efficient as Fe at producing OH (Fig. 2) e consistent with their observation of a strong correlation between OH and soluble Cu. In contrast, Vidrio et al.
extracted their particles in a solution containing 200 mM Asc and 300 mM Cit e conditions where Fe is nearly three times as efficient as Cu at producing OH e consistent with their observation that soluble Fe could account for the majority of OH production. While the concentration of Asc is different in these two studies, our preliminary data (not shown) suggests that this will not change the relative importance of Fe and Cu, although it will change the absolute amounts of OH formed.
Ligand speciation modeling
The effect of AO composition on OH production observed in section 3.2 may have two explanations: 1) redox interactions between the AOs and metals are affecting OH production (as is likely for Asc), or 2) the AOs affect the metal speciation, which alters metal reactivity (Halliwell, 1995) . To examine this second possibility, we modeled metal speciation for three different SLF AO compositions: Asc, Asc þ Cit, and Asc þ Cit þ GSH. (UA was not included because no data were available, but it appears to have no effect on OH production (Fig. 2) ). Fig. 3 shows speciation results for Fe(II) and Cu(II) in these three AO mixtures; results for other metals are in Table S4 of the supplementary data. With Asc only, Fe is primarily bound to phosphate or is present as free Fe 2þ (Fig. 3a) .
When Cit is added to the Asc solution, the speciation changes significantly, with the Fe[Cit] À complex becoming dominant (Fig. 3b) . The enhancement in OH observed with the addition of Cit (Fig. 2a) suggests that Fe [Cit] À is more reactive than FeHPO 4 .
Adding GSH causes no apparent change in Fe speciation (Fig. 3c) , consistent with the fact that adding GSH does not affect OH production from Fe(II) (Fig. 2a) .
Modeling results with Cu(II) show that Cu 2þ dominates in SLF with Asc, with the remainder of Cu(II) bound to benzoate, OH À , or Cl À (Fig. 3d) . The addition of Cit to the SLF with Asc causes a dramatic shift in Cu speciation, with 97% of Cu(II) now bound as Cu[Citrate] À (Fig. 3e) . Vidrio et al. (2008) (Fig. 3f) .
These results are consistent with a previous in vivo study, which observed that a majority of Cu is bound to GSH and postulated that this complex is used to store and transport Cu (Aliaga et al., 2010) .
In conjunction with data in Fig. 2b , these speciation data indicate that copper complexes have the following relative reactivities for OH generation: Cu þ2 > Cu-Cit > Cu-GSH. This suggests that GSH has two protective mechanisms in vivo: as a sacrificial AO (i.e., as a sink for OH and other ROS) and as a strong ligand for Cu to form Cu-GSH complexes that are less efficient at generating ROS. Oxidant suppression from Cu-GSH mixtures has been observed previously (Hanna and Mason, 1992; Maestre et al., 1992) .
Based on chemical speciation modeling (Table S4) , BA does not significantly bind to most of the metals tested here. One exception is the BA-Mn(II) complex, which accounts for about 25% of Mn, but this should be unimportant since Mn(II) is a negligible source of OH.
Binary mixtures of transition metals
Ambient PM contains a wide variety of TMs and the reactivity of these mixtures can be different than what is expected from a simple addition of individual metal effects (Maestre et al., 1992; Sedlak et al., 1997; Vidrio et al., 2008) . To explore the impacts of metal mixtures on OH production we first examined binary mixtures of Fe(II) (10.0 nmol) and Cu(II) (0.10, 1.0 or 10.0 nmol) under two AO conditions: Asc þ Cit and All AOs (Fig. 4) . The stacked bars in Fig. 4 represent the sum of OH production from Fe(II) and Cu(II) measured individually, while the dark grey bars show OH production from Fe(II) and Cu(II) mixed in the same bottle. The sum of OH from the individual metals is statistically different (P < 0.01) than OH production in the metal mixtures for all six cases. For Asc þ Cit, the addition of small amounts of Cu(II) enhances OH production from Fe(II) (by 49% and 34% for Fe/Cu ratios of 10:0.1 and 10:1, respectively), but a larger amount of Cu suppresses OH (by 10% for a 1:1 Fe/Cu mixture; Fig. 4a ). Similar behavior of OH from mixtures of higher concentrations of Fe(II) and Cu(II) have been observed in the literature, with enhancement or suppression depending on the ratio of Fe(II) to Cu(II) and greatest suppression at the 1:1 Cu(II):Fe(II) ratio (Maestre et al., 1992; Vidrio et al., 2008) . However, in SLF with all four AOs, greater amounts of Cu(II) lead to greater enhancements in OH production by Fe(II), ranging from 13% to 67% (Fig. 4b) . This difference in Cu(II) reactivity may be due to the change in ligand speciation from Cu-Cit to Cu-GSH forms (Fig. 3) .
There are two explanations for the observed synergistic OH production from mixtures of Fe(II) and Cu(II): 1) Cu(II) produces hydrogen peroxide more efficiently than Fe(II) (Shen et al., in press) which will increase the rate of the Fenton reaction and 2) redox reactions between Fe and Cu contribute to metal recycling (Sedlak et al., 1997) .
We performed similar experiments for binary mixtures of Fe(II) or Cu(II) with Pb(II), Mn(II), or V(V) (Fig. S4) . Mixtures of Fe(II) with Mn(II) or V(V) and Cu(II) with V(V) enhanced OH production, but only at high levels of soluble Mn(II) or V(V) (i.e., 10 nmol), which are probably greater than experienced due to ambient PM inhalation. For example, we estimate average (AE1s) amounts of dissolved Fe, Cu, Mn and V in lung fluid after 24 h of PM 2.5 exposure in Davis, CA to be 5.3 AE 4.7, 0.9 AE 1.2, 0.6 AE 0.4, and 0.2 AE 0.2 nmol, respectively, based on data from Vidrio et al. (2009) .
Complex transition metal mixtures
Since binary mixtures of metals e especially Fe with Cu e led to synergistic production of OH, we also examined more complex mixtures of environmentally relevant concentrations of six TMs: Fe(II), Cu(II), Co(II), Mn(II), V(V), and Zn(II). OH production and SLFsoluble TMs from extracts of ambient 24-hr PM 2.5 samples were measured in a previous study in a SLF containing the same concentrations of Asc and Cit used here (Vidrio et al., 2009 ). We reproduced the TM mixtures observed in three of these 24-hr PM 2.5 extracts and tested these lab mixtures for two AO conditions: Asc þ Cit and All AOs (Fig. 5) . In parallel, we tested binary mixtures containing only Fe(II) and Cu(II) at the concentrations measured in each of the three samples.
In all cases, OH production from the binary mixture of Fe(II) and Cu(II) is greater than or equal to OH production from the mixture of six TMs (Fig. 5) , indicating that the other four TMs e Co(II), Mn(II), V(V), and Zn(II) e do not add to OH production but can suppress OH slightly (by 3e15% here). In the SLF with Asc þ Cit, OH measured in the ambient PM extract from 2/18/2007 is reproduced well by the mixture of Fe(II) and Cu(II) (Fig. 5a) , suggesting that the Fe þ Cu synergistic behavior seen in laboratory solutions (Fig. 4) also occurs in inhaled ambient PM. However, in the other two samples, OH in the ambient PM extracts is lower than both the laboratory Fe(II) þ Cu(II) mixture and the laboratory six-TM mixture; this suppression of OH is especially large (98% reduction compared to the TM mixture) for the 4/23/2007 sample. One possible reason for the suppression is that the ambient PM extracts might contain organic ligands that alter the speciation of TMs and thereby reduce their ability to generate OH.
Implications
We can use our results to estimate which TM components are most important for OH production in ambient PM. Vidrio et al. (2009) measured the range of SLF-soluble Fe and Cu in 4-mL extracts of 24-hr PM 2.5 samples to be 0.99e22 and 0.05e4.4 nmol respectively (n ¼ 38). Considering individual metals under the most realistic AO composition e i.e., with all AOs e this amount of Fe can produce between 25 and 300 nmol of OH, while this range of Cu can produce 1e30 nmol of OH. This suggests that Fe typically dominates OH production from particles deposited in the lung, as observed by Vidrio et al. (2009) Fe to enhance OH production (Fig. 4) . While a larger number of Fe and Cu mixtures need to be investigated to predict the effect of metal synergism on OH production, based on Fig. 4 it appears that Fe will be responsible for the majority of OH production at ambient metal concentrations.
Conclusions
We have quantified OH production from 10 dissolved TMs in a surrogate lung fluid containing physiological levels of four endogenous lung antioxidants. Only Fe, Cu, and sometimes V and Mn, are able to produce OH in our solutions; the other TMs (Co, Ni, Zn, Cr, Cd, Pb) do not produce OH at the low soluble metal concentrations expected from ambient PM in the lungs. As seen in previous studies, Asc acts as a pro-oxidant in the presence of Fe, Cu, and V and is a necessary component for OH production from these metals. Cit and/or GSH can dramatically affect OH production from Fe(II) and Cu(II), likely due to metaleligand interactions as indicated by speciation modeling, while UA has no effect. Our work shows that it is important to consider antioxidant composition when measuring oxidants in a cell-free SLF; we recommend that the most realistic condition should be used e i.e., the combination of all four AOs considered here, each at a physiologically relevant concentration.
Mixtures of Fe(II) and Cu(II) act synergistically and can substantially increase OH production. Mixtures of V(V) and Mn(II) with either Cu(II) or Fe(II) cause OH enhancement only at relatively high (and generally unrealistic) concentrations of V and Mn. In more complex TM mixtures, Fe(II) and Cu(II) together can still explain the majority of OH production, while Mn, V, Co, Pb and Zn have minor, often inhibitory, effects on OH production. There is also evidence that other particle components e possibly organic ligands e can reduce the ability of ambient PM components to generate OH compared to what is expected from dissolved Fe(II) and Cu(II). 
